ABSTRACT Developing novel electrode materials for lithium-ion batteries (LIBs) with rapid charge/discharge capability and high cycling stability remains a big challenge to date. Herein, we demonstrate the design and synthesis of ultrathin MoS 2 nanosheets in-situ grown on sponge-like carbon nanospheres by a simple diffusion-controlled process. The unique sponge-like carbon nanosphere core can be used as "reservoir" of electrolyte by adsorbing to shorten the iondiffusion path, and meanwhile as "elastomer" to alleviate the structural change of the MoS 2 nanosheets during the charge/ discharge processes. Furthermore, the vertical ultrathin MoS 2 nanosheets with broadened interlayer space greatly enrich the electrochemical active sites. Consequently, the as-obtained MoS 2 /C nanospheres exhibit increased specific capacities at various rates with superior cycling stability compared to the MoS 2 /C floccules. It is reckoned that the present concept can be extended to other electrode materials for achieving highrate and stable LIBs.
INTRODUCTION
Two-dimensional (2D) nanomaterials have received considerable attention in the fields of energy, catalysis, sensor, and so forth in view of their intriguing properties caused by the single-atom-thick [1] [2] [3] [4] [5] . The family of 2D nanomaterials include graphene, transition metal dichalcogenides, black phosphorus and MXenes, etc. Among them, molybdenum disulfide (MoS 2 ) has been proved to be a promising anode material for lithium ion batteries (LIBs) due to their larger interlayer space (0.62 nm> 0.34 nm for the commercial graphite anode) and higher lithium storage capacity (669 mA h g −1 >372 mA h g −1 for graphite) [6] [7] [8] [9] [10] . However, the low conductivity and structural change during charge/discharge processes inevitably give rise to the rapid capacity fading. Furthermore, just like other 2D nanomaterials, the easy stacking/ restacking behavior makes it difficult to infiltrate electrolyte, causing a long ion transfer path. Therefore, solving these issues will promote the practical application of MoS 2 -based anode materials for high-performance LIBs. Hollow nanostructures have always been a hot topic in energy-related fields because of their large specific surface area, big interior void space and diversified building blocks [11] [12] [13] [14] . For example, Lou et al. realized the controllable synthesis of various hollow nanostructured materials, such as VO 2 hollow nanospheres [15] , SnO 2 hollow nanoboxes [16] and α-Fe 2 O 3 hollow nanotubes [17] . Wang et al. also developed many hollow nanospheres with multi-layered shell including Co 3 O 4 [18] , α-Fe 2 O 3 [19] , etc. Such hollow nanostructures can not only enrich electrochemical reaction active sites but also effectively shorten the diffusion path of ions, significantly improving their specific capacity. Nevertheless, the inherent low conductivity still exists. The pivotal to addressing this issue is to rationally hybridize with high conductive carbon, popularly loading 2D nanosheets on various carbon substrate [20] [21] [22] , such as ultrathin MoS 2 nanosheets supported on N-doped hollow carbon nanobox [23] , MnO 2 nanosheets distributed on hollow carbon nanospheres [24] . An extensive cycling will unavoidably cause the structural pulverization although these hybrids exhibit high specific capacity because the thin carbon layer microsubstrate is difficult to afford the repeated structural change after a long charge/discharge process. Therefore, it remains a great challenge to simultaneously achieve rapid charge/discharge capability and highly structural integrity before and after cycling by designing novel electrode materials for LIBs.
Inspired by the sponge with interconnected porous structure and strong capability to storage liquid, herein, we demonstrate the design and synthesis of ultrathin MoS 2 nanosheets in-situ grown on sponge-like carbon nanospheres by a simple diffusion-controlled process. The ultrathin MoS 2 nanosheets with enlarged interlayer distance from 0.62 to 0.89 nm provide abundant electrochemical active sites. The vertical growth on carbon can also accelerate electrons transfer rate. More impressively, the sponge-like carbon nanosphere core can be used as "reservoir" of electrolyte to shorten the ions-diffusion path, and meanwhile as "elastomer" to alleviate the volume change during the charge/discharge processes. As predicted, the as-obtained MoS 2 /C nanospheres deliver an increased reversible capacity with superior cycling stability compared with the MoS 2 /C floccules. The present idea can be extended to other electrode materials for achieving high-rate and stable LIBs.
EXPERIMENTAL SECTION
Synthesis of the PMo 12 -PDA precursor All chemicals were purchased and used without further purification. Typically, 1.1 g of phosphomolybdic acid (PMo 12 ) were dissolved in 100 mL distilled water, forming a yellow solution. After 10 min, 0.1 g of dopamine (DA) were added into the beaker. The mixture was kept stirring for 20 h at room temperature. The solid products from the solution were collected by vacuum filtration and washed with distilled water for 3 times, then dried in the oven at 60°C for 6 h. Finally, the phosphomolybdic acidpolydopamine (PMo 12 -PDA) solid nanospeheres are obtained.
Synthesis of the MoO 2 /C and MoS 2 /C nanospheres
The MoO 2 /C nanospheres were obtained by calcining the PMo 12 -PDA precursor at 700°C for 2 h in Ar atmosphere. The MoS 2 /C nanospheres were obtained by a further sulfidation. Typically, 30 mg of MoO 2 /C hybrids were put into 80 mL of the solvent of ethanol/H 2 O (v/v = 3:1). Subsequently, 200 mg of thiourea were added into the above mixture. After being stirred for 15 min, the solution was transferred into a 100 mL Teflon-lined stainless steel autoclave. The autoclave was kept at 200°C for 24 h. The black precipitates were collected by vacuum filtration and washed with distilled water and ethanol for several times, then dried at 60°C for 6 h.
Characterization
The crystallographic phases and morphology of as-obtained products were examined by X-ray diffraction (XRD, Rigaku D/Max 2500 Cu Kα radiation), scanning electron microscopy (SEM, Hitachi, S-4800) and transmission electron microscopy (TEM, JEOL, JEM-2100) with an X-ray energy dispersive spectrometer (EDS) at an accelerating voltage of 200 kV. The characteristic peaks of carbon were analyzed by NEXUS 670 FT-IR Raman spectrometer. Thermogravimetric analysis (NETZSCH STA409PC) was carried out from room temperature to 800°C with a heating rate of 10°C min −1 under flowing air.
Electrochemical measurements
Electrochemical measurements were performed on the basis of coin-type 2016 cells. The working electrode was prepared by mixing the as-prepared active materials, carbon black, and poly(vinyl difluoride) (PVDF) at a weight ratio of 7:2:1, and then pasted on pure Cu foil. The coating thickness of materials is about 50 μm. Pure lithium foil was used as the counter electrode, and the separator was a polypropylene membrane (Celgard 2400). The electrolyte consists of a solution of 1 mol L −1 LiPF 6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume). The cells were assembled in an argon-filled glove box. The charge and discharge measurements were carried out on a LAND-CT2001C test system at different current densities. Cyclic voltammogram experiments were performed on an Autolab PGSTAT302N electrochemical workstation at various scan rates.
RESULTS AND DISCUSSION
As illustrated in Fig. 1 , the MoS 2 /C nanospheres have been synthesized by a simple diffusion-controlled process. The strong oxidant PMo 12 is a typical anionic molecular metal-oxygen clusters, which can initiate the polymerization of dopamine, forming uniform solid PMo 12 -PDA nanospheres with a diameter of~400 nm (Fig. S1) . After calcinated at 700°C in Ar atmosphere, the intermediate MoO 2 /C nanospheres are obtained. The XRD diffraction peaks in Fig. S2 are mainly indexed to monoclinic MoO 2 phase (JCPDS card No. 65-5787) [25] . The corresponding TEM image shows that the diameter of MoO 2 /C nanosphere is~360 nm. Finally, the MoS 2 /C nanospheres are prepared just by a simple sulfidation process, where the ultrathin MoS 2 nanosheets are wellarchored on the surface of porous carbon nanospheres. It is noted that the carbonization step is the key to realizing the synthesis of the target products. Without such a treatment, the MoS 2 /C floccules (Fig. S3 ) are used as a control sample for comparing their electrochemical performance with our MoS 2 /C nanospheres. Fig. 2a shows the typical SEM image of the MoS 2 /C nanospheres. It can be observed that the uniform flowerlike nanospheres (~460 nm) are assembled from amounts of nanosheets. The nanostructure of the products has been further investigated in detail by TEM observation. As shown in Fig. 2b , the interior part of the MoS 2 /C nanospheres is almost transparent. The magnified TEM image (Fig. 2c) reveals that the nanosheets are interlocked together, creating abundant pores. The high-resolution TEM image of the products in Fig. 2d gives about 5-10 layered MoS 2 nanosheets with an enlarged interlayer spacing of 0.89 nm, which is larger than that of the normal MoS 2 nanosheets (0.62 nm). Interestingly, the elemental mapping images (Fig. 2e-f ) of a representative MoS 2 /C nanosphere show that Mo and S are distributed uniformly around the surface of the whole nanosphere while C is mainly dispersed in the inner core with a relatively smaller area. This result suggests that the inner core is composed of carbon. Therefore, the ultrathin MoS 2 nanosheets are assembled on the surface of the carbon nanosphere. Fig. 3a shows the XRD pattern of the MoS 2 /C nanospheres. The diffraction peak at 9.9°is attributed to the interlayer spacing of MoS 2 along the c-axis (~0.89 nm) [26, 27] , consistent with the high-resolution TEM result. An additional peak at 18.3°is also observed, which can be ascribed to the spacing between MoS 2 layer and the carbon layer [28] . The carbon content in the MoS 2 /C nanospheres and MoS 2 /C floccules is estimated to be 20 and 33.3 wt% according to the thermogravimetric analysis (TGA) (Fig. S4 ). Raman analysis in Fig. 3b shows two obvious peaks at 1,320 cm −1 (D band) and 1,590 cm −1 (G band) with I D /I G ratio of~1.62, implying rich defects in the carbon component. Besides, the X-ray photoelectron spectroscopy (XPS) was performed to investigate the chemical states of Mo and S in the hybrids. The peaks at 232.4 and 228.2 eV in Fig. 3c belong to Mo 3d 3/2 and Mo 3d 5/2 , which suggest Mo 4+ in the MoS 2 . The presence of another Mo 3d weak peak at~236.0 eV is indexed to Mo 6+ of MoO 3 , resulting from the surface oxidation of the MoS 2 /C in air [29] . In S 2p spectrum (Fig. 3d) , two peaks at 162.7 eV and 161.8 eV are characteristic peaks of S 2− in MoS 2 [30] .
The morphology evolution during the sulfidation process is studied to analyze the formation process of the MoS 2 /C nanospheres. As shown in Fig. 4a , when the reaction proceeds for~4 h, the nanosheets begin to appear on the surface of the nanospheres. With reaction time increasing (Fig. 4b-c) , the colour of internal nanospheres is gradually getting lighter and the external MoS 2 nanosheets are getting thicker and denser. When reaction time increases to 24 h (Fig. 4d) , the final products are obtained with MoS 2 nanosheets vertically grown on the carbon nanospheres. Based on the time-dependent morphology evolution, the whole formation process can be divided into the following steps (Fig. 4e) . Initially, the S 2− ions released from thiourea react with Mo 4+ from MoO 2 /C nanospheres on the surface, forming thin MoS 2 nanosheets. These MoS 2 nanosheets act as physical barriers, which will hinder the further inward diffusion of S 2− ions. With the increase of reaction time, more Mo 4+ ions diffuse to the surface and then react with S 2− ions, leading to the sustained growth of MoS 2 nanosheets. Finally, the . . . . . . . . . . . . . . . . . . . . . . . . . . . . MoS 2 /C nanospheres are obtained.
The MoS 2 /C nanospheres were evaluated as anode materials for lithium ion batteries. Fig. 5a shows the typical charge/discharge curves of MoS 2 /C nanospheres in 0.01-3.0 V vs. Li/Li + at a current density of 0.1 A g −1 . The initial discharge and charge capacities are 1,279 and 984 mA h g −1 with a Coulombic efficiency (CE) of 76.9%. The capacity loss may result from the formation of solid electrolyte interphase (SEI) and decomposition of electrolyte. The CE increases above 95% in the second cycle with a high reversible capacity of 970 mA h g −1 . , the specific capacity of MoS 2 /C nanospheres can be recovered to 920 mA h g −1 , implying a high reversibility. As a comparison, the rate capability of MoS 2 /C floccules was also tested, which shows much inferior capacity retention at various current densities. The cycling performance was carried out at a current density of 0.2 A g −1 after the rate test. As shown in Fig. 5c , no obvious decay can be observed even after 100 cycles for MoS 2 /C nano-spheres, while the MoS 2 /C floccules show fast capacity fading. Only a specific capacity of 320 mA h g −1 can be retained. The electrochemical impendence spectra (EIS) of the MoS 2 /C nanospheres and the MoS 2 /C floccules before cycling are provided in Fig.  5d . The charge transfer resistance (R ct ) of MoS 2 /C nanospheres is~223 Ω, which is significantly smaller than that of the MoS 2 /C floccules (~549 Ω), thus achieving a rapid charge/discharge capability.
To further study the reaction kinetics of the two hybrids in LIBs, CV tests at different scan rates were carried out. As shown in Fig. 6a and b, reduction processes and 0.52 for the oxidation processes), indicating a rapid Li + storage process with a typical capacitive behavior for the MoS 2 /C nanospheres. Moreover, they also exhibit a higher Li + diffusion coefficient compared to the MoS 2 /C floccules (Fig. S5) . As a consequence, the enhanced electrochemical behavior of the MoS 2 /C nanospheres mainly results from the fast charge transfer and adequate electrolyte supply in MoS 2 /C nanospheres during charge/discharge processes, thus achieving a high-rate capability.
The excellent lithium storage performance of the asdesigned MoS 2 /C nanospheres can be attributed to their unique structure. Specifically, the ultrathin MoS 2 nanosheets with broadened interlayer distance can greatly enrich the electrochemical active sites, leading to a high reversible specific capacity. Secondly, the vertical growth of MoS 2 nanosheets can provide direct electrons transfer path, avoiding the slow kinetics along c-axis direction of nanosheets. More impressively, designing sponge-like porous carbon core can be used not only as "reservoir" by adsorbing abundant electrolyte to shorten the ions-diffusion paths but also as a "elastomer" to buffer the structural change of the MoS 2 nanosheets during the charge/discharge processes. The direct evidence is the decreased charge transfer resistance and improved structural stability. Therefore, the as-obtained MoS 2 /C nanospheres deliver a high rate capability and long cycle life.
CONCLUSIONS
In summary, we demonstrate the synthesis of ultrathin MoS 2 nanosheets in-situ grown on sponge-like carbon nanospheres by a simple diffusion-controlled process. The sponge-like carbon nanosphere core can adsorb and store abundant electrolyte for shortening the ions-diffusion path, and meanwhile plays as a "elastomer" for alleviating the structural change of the MoS 2 nanosheets during the charge/discharge processes. In addition, the vertical ultrathin MoS 2 nanosheets with enlarged interlayer distance from 0.62 to 0.89 nm also provide rich electrochemical active sites. Such facinating advantages render the as-obtained MoS 2 /C nanospheres a high reversible capacity of 970 mA h g −1 at 0.1 A g −1
. The specific capacity is also well-maintained even after 100 cycles at 0.2 A g −1 . This design concept can be extended to exploit other high-performance electrode materials for advanced LIBs. 
